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Abstract

The biopharmaceutical industry is replacing fed‐batch with perfusion processes to

take advantage of reduced capital and operational costs due to the operation at high

cell densities (HCD) and improved productivities. HCDs are achieved by cell

retention and continuous medium exchange, which is often based on the cell‐

specific perfusion rate (CSPR). To obtain a cost‐productive process the perfusion

rate must be determined for each process individually. However, determining

optimal operating conditions remain labor‐intensive and time‐consuming experi-

ments, as investigations are performed in lab‐scale perfusion bioreactors. Small‐scale

models such as microwell plates (MWPs) provide an option for screening multiple

perfusion rates in parallel in a semi‐perfusion mimic. This study investigated two

perfusion rate strategies applied to the MWP platform operated in semi‐perfusion. The

CSPR‐based perfusion rate strategy aimed to maintain multiple CSPR values throughout

the cultivation and was compared to a cultivation with a perfusion rate of 1 RVd−1. The

cellular performance was investigated with the dual aim (i) to achieve HCD, when

inoculating at conventional and HCDs, and (ii) to maintain HCDs, when applying an

additional manual cell bleed. With both perfusion rate strategies viable cell

concentrations up to 50 × 106 cellsmL−1 were achieved and comparable results for

key metabolites and antibody product titers were obtained. Furthermore, the combined

application of cell bleed and CSPR‐based medium exchange was successfully shown

with similar results for growth, metabolites, and productivities, respectively, while

reducing the medium consumption by up to 50% for HCD cultivations.
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1 | INTRODUCTION

Currently, the biopharmaceutical industry is shifting manufacturing

processes from the well‐established fed‐batch to the more complex

perfusion operation. This process intensification has the long‐term

goal of an end‐to‐end integrated continuous biomanufacturing

process, connecting the upstream with the downstream process in

a continuous fashion (Coolbaugh et al., 2021; Schwarz et al., 2022;

Warikoo et al., 2012).

Perfusion has many advantages, although the continuous mode has

a complex experimental set‐up requiring additional pumps to achieve

the continuous medium exchange and a cell retention device

(Chotteau, 2015). In addition to its compatibility with an integrated

process design, a perfusion operation can achieve very high cell

densities (HCDs) due to the cell retention device, which in turn increases

volumetric productivities and space–time–yields (STY). Furthermore, the

continuous medium flow provides a constant metabolite supply to the

cell culture as well as a continuous removal of impurities, which

contributes to the low product residence times, resulting in consistent

and improved product quality (Chotteau, 2015).

The continuous medium exchange is one of the main character-

istics of a perfusion bioreactor as it generates stable process

conditions avoiding the accumulation of unwanted and often toxic

by‐products while providing constant nutrient levels. The amount of

exchanged medium is dependent on the perfusion rate and must be

optimized for each cell line individually. Previously published studies

report different ways to determine the perfusion rate, which can be

based on the cell‐specific perfusion rate (CSPR), the availability of the

main substrate, the concentration of by‐products, or a combination of

these. The most common strategy used in previous studies is the

determination of the perfusion rate based on the CSPR

(Chotteau, 2015). It alters the perfusion rate proportionally to the

viable cell concentration (VCC), thus resulting in a constant CSPR and

metabolic environment over the cultivation time (Ozturk, 1996).

Furthermore, a depletion of main substrates can be avoided while the

accumulation of toxic by‐products can be minimized providing that

the cellular activities do not change over time or with VCC, thus

allowing for HCD and consistent production to be achieved. The

CSPR‐based perfusion rate was successfully applied to manually and

automatically controlled perfusion processes for the production of

therapeutic proteins and virus‐based biopharmaceuticals at bench‐

scale (Dowd et al., 2003; Gränicher et al., 2021; Nikolay et al., 2020;

Vazquez‐Ramirez et al., 2018) as well as in pilot and industrial scale

(Coolbaugh et al., 2021; Konstantinov et al., 2006; Schwarz

et al., 2022; Warikoo et al., 2012). To determine the CSPR with the

highest productivity, different approaches can be used, such as the

“push‐to‐low” approach (Konstantinov et al., 2006), a high‐intensity,

low‐volume perfusion (HILVOP) process (Gagnon et al., 2018) or a

combination of different cell concentrations and perfusion rates

(Chotteau, 2015). Generally, lower CSPRs are preferred as this means

more cells can be sustained with a certain amount of medium

resulting in a reduction of the cost of goods manufactured (COGm).

Furthermore, operations with CSPRs close to the minimum have been

associated with higher productivities (Gagnon et al., 2018; Wolf &

Morbidelli, 2020).

It is noteworthy that investigations of cellular performance at

different perfusion rates are typically performed in lab‐scale

perfusion bioreactors. While scale‐down models (SDMs) typically

lack monitoring and control capabilities, they still are an interesting

option for screening multiple CSPR‐based perfusion rates before

transferring the most promising conditions into a lab‐scale perfusion

bioreactor for more in‐depth analysis and fine‐tuning. Of particular

interest are microwell plates (MWPs), as this platform allows for high‐

throughput and can be combined with automation, which enables the

screening of several hundred conditions in parallel. Furthermore, the

reduced format of operation contributes to higher experimental

throughput and reduced costs in early development. This is especially

advantageous during medium development, cell clone screening, and

process development, where the MWP displays a straightforward

and simple platform for practical handling and fabrication (Lindstrom

& Andersson‐Svahn, 2012). Previous studies showed that 24‐well

MWPs in semi‐perfusion, using a total medium exchange once per

day, can achieve growth to HCD and are a good representation of a

5 L perfusion bioreactor with a perfusion rate of 1 RV d−1 (Tregidgo

et al., 2023). In this study, the MWP platform was evaluated for its

ability to maintain different target CSPRs by changing the perfusion

rate strategy from a fixed 1 RV d−1 to a CSPR‐based regime. In

particular, the influence of the CSPR‐based perfusion rate strategy on

achieving HCD was investigated when inoculating the MWPs at

conventional (CCD) and high cell densities (HCD) and outcomes were

compared with the cultivations using the established fixed medium

exchange equivalent to a perfusion rate of 1 RV d−1. In addition,

investigations combining the CSPR‐based perfusion rate strategy

with the previously described cell bleed strategy were performed to

evaluate the ability of the method to maintain HCD when using the

CSPR‐based perfusion rate strategy.

2 | MATERIALS AND METHODS

2.1 | Cell culture, cell line, and media

For all experiments, a Chinese hamster ovary (CHO) cell line, known

as CHO cobra (Cobra Biologics AB), was used. The CHO cells were

maintained in a perfusion‐specific high‐intensity perfusion (HIP)

medium (Gibco®; Thermo Fisher Scientific), which was supplemented

with 3.2 mM GlutaMaxTM‐I (100X) (Gibco®; Thermo Fisher Scientific)

and 2% 1X HT supplement (Gibco®; Thermo Fisher Scientific). During

experiments, the medium was additionally supplemented with 30%

CHO‐CD EfficientFeedTM B (v/v) (Gibco®; Thermo Fisher Scientific).

The CHO cells were maintained in non‐baffled shake flasks

(Corning®) placed in a CO2 incubator (MCO−19AIC; Sanyo) at 37°C

with 5% CO2. The shake flasks were agitated at a shaking speed of

180 rpm using an orbital shaking diameter of 25mm (CO2 resistant

shaker; Thermo Fisher Scientific). Cells were passaged every 3–4

days and expanded into 2 L shake flasks for use in inoculation.
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2.2 | Process operations

2.2.1 | Microwell plate cultivation

The procedure as previously described in Part I was used except for

the inoculation. The MWPs (CLS3473; Corning®) were inoculated at

0.5–1 and 10–20 × 106 cells mL−1 with a working volume (VW) of

1.2 mL for experiments targeting maximum growth and close to

target VCC for experiments with an additional cell bleed strategy.

Samples were taken in triplicates using a sacrificial well

methodology. If not otherwise indicated, samples were taken from

“sampling wells” to determine VCC and viability, followed by a

centrifugation step (50 g, 5 min). Postcentrifugation, supernatant was

collected to quantify metabolites and titers, followed by a partial or

total medium exchange in the “culture wells” to mimic perfusion with

cell retention. Sampling and medium exchange were performed every

24 h over the duration of 8 days, where the day of inoculation marks

day 0, if not otherwise indicated.

2.3 | Semiperfusion cultures with different medium
exchange regimes

2.3.1 | Rigid RV d−1‐based exchange regime

The exchange regime based on the reactor volume per day (RV d−1)

describes a perfusion flow rate in terms of the total VW. Thus, the

perfusion rate is fixed (e.g., 1 RV d−1) or can be increased stepwise

(e.g., 1–1.5 to 2.0 RV d−1).

2.3.2 | CSPR‐based exchange regime

For the operation of CSPR‐based semi‐perfusion, it is assumed that

the volume of exchange medium equals the amount of medium

exchanged in a continuous perfusion process in the same time

interval (Equation (1)). Thus, the exchange volume (VE) is calculated

based on VW, a constant CSPR and the imminent VCC for a previously

fixed schedule (Equation (2)). However, the schedule (Δt) is adapted

when >60% of the VW needs to be exchanged (Equation (3)).

∆Q
dV

dt
X V e= = × × CSPR × ,

E
i W

μ t
Perf (1)

∆V
X

μ
e V= × ( − 1) × × CSPR,E

i μ t
W (2)

∆
( )

t
μ

=
ln + 1

,

μ

X

0.6

× CSPR (3)

where QPerf is the perfusion flow rate, CSPR is the cell‐specific

perfusion rate, µ is the specific growth rate, Xi is the average of three

imminently measured viable cell concentrations, and Δt is the time

between medium exchanges.

2.4 | Semi‐perfusion culture with cell bleeds

The experimental procedure and calculations for the cell bleed

strategy were described in Part I. The same procedure was applied

for cultures using a CSPR‐based medium exchange strategy. For

cultures with a partial medium exchange, the previously removed

bleed volume was taken into account for the removal of supernatant

post centrifugation. In case the bleed volume exceeded the exchange

volume (VB > VE), the bleed was collected in a separate sterile 50mL

centrifuge tube and centrifuged in parallel to the MWP. Supernatant

from the bleed in the amount of ΔVS = VB − VE was transferred back

to the MWP before adding fresh medium equivalent to VE to maintain

a working volume of 1.2 mL.

2.5 | Analytics

The same analytical procedures as described in Part I were used. VCC

and viabilities were determined using a ViCellTM XR cell viability

analyzer (Beckman Coulter). Extracellular glucose, lactate, and

ammonium concentrations were measured using an Optocell CuBiAn

VC biochemistry analyzer (4BioCell), and product titers were

determined using an HPLC (HPLC Agilent 1100 series; Agilent) with

a 1mL Protein G column (HiTrapTM Protein G HP; Cytiva).

For comparative analysis between different perfusion rate

strategies, the following equations were used to determine cell‐

specific rates.

∆

∆
q

c

t X

H B c

X
=

× ¯
+
( + ) ×

¯
,

i

 


 (4)

where q is the cell‐specific consumption/production rate, H is the

daily harvest rate, B is the daily bleed rate, Δt is the time interval

between two sampling time points, X̅ is the daily average of the VCC,

and c is the metabolite/product concentration.

To further evaluate the productivity between processes with

varying conditions (i.e., perfusion flow rates) additional normalized

parameters can be used as previously described by Bausch et al.

(2019) for bioreactor operations. The space‐time yield can be used to

evaluate the overall productivity and is calculated using the following

equations:

Y

V t t
STY =

× ( − )
,

i

W i 0
(5)

∫Y H V dt= c × × ,i

i

i i W
0

mAb, (6)

where STY is the space–time–yield, Yi is the yield equal to the

accumulated mass produced since the start of the cultivation, cmAb is
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the antibody concentration at time i, VW is the working volume, t is

the cultivation time, and H is the harvest rate.

3 | RESULTS

Perfusion processes aim to create a physiologically constant

environment for the cells. In Part I, cell bleeds were performed to

maintain a stable cell concentration, thus creating a quasi‐steady

state assuming a constant metabolic consumption. While this was

achieved with a total medium exchange at a perfusion rate of

1 RV d−1, Part II is focused on varying the perfusion rate with the aim

of maintaining a stable CSPR at multiple setpoints. This CSPR‐based

perfusion rate results in partial medium exchanges, once or several

times per day, to provide sufficient nutrients to support cell growth

and production.

3.1 | Impact of seed concentration on growth,
metabolic state, and productivity

Prior experimental investigation for this CHO cell line indicated a

minimum CSPR of 13–15 pL cell−1 d−1 (data not shown). Hence, the

target CSPRs of 10, 15, and 20 pL cell−1 d−1 were selected to perform

the cultivation as close as possible to the minimum CSPR. The CSPR‐

based medium exchange strategy was investigated with two

inoculation concentrations, as shown in Figure 1. The MWPs were

inoculated at CCD between 0.5 and 2.0 × 106 cells mL−1 (Figure 1a)

and at HCD between 10 and 20 × 106 cells mL−1. For comparison, one

(at CCD) or two (at HCD) MWPs with a perfusion rate equal to

1 RV d−1, inoculated at CCD and HCD, respectively, were performed

in parallel. In this work, the cultures with CSPR‐based perfusion rate

strategy are referred to as CSPR‐cultures, where the targets of 10,

15, and 20 pL cell−1 d−1 are also referred to as cultures with low,

medium, and high CSPR targets, respectively. Furthermore, cultures

with a perfusion rate of 1 RV d−1 are referred to as R1 and R2 for first

and second runs, respectively.

As can be seen in Figure 1a, for the inoculation at CCD, all

cultures performed equally in terms of cell growth, with viabilities

above 95% over the entire cultivation period. After a short lag phase,

cells started to grow exponentially reaching maximum values

between 20.0 and 30.0 × 106 cells mL−1. Interestingly, cultures with

a perfusion rate strategy targeting 1 RV d−1 (total medium exchange)

and a CSPR‐based perfusion rate strategy targeting a CSPR of

20 pL cell−1 d−1 (partial medium exchange) reached nearly identical

maximum VCCs of 32.4 ± 1.5 × 106 cells mL−1 on day 8 and

31.1 ± 0.9 × 106 cells mL−1 on day 7, respectively. Furthermore, it

was observed that VCCs of cultures with lower CSPR targets

plateaued at VCCs around 23.0 × 106 cells mL−1 closely around their

maximum VCC values. This suggests that for the cultures with low

and medium CSPR targets (10 and 15 pL cell−1 d−1), the growth phase

had turned from exponential to stationary, whereas a maximum VCC

value was obtained at the end of the 8 days culture period for the

culture with the high CSPR target. Hence, for the inoculation at HCD,

this hypothesis was further investigated and growth, metabolic, and

production performance was evaluated in the following.

As shown in Figure 1b, all cultures grew exponentially from the

beginning. However, distinct differences can be observed between

the R1 and R2 cultures following day 2, where R1 performed similarly

to all cultures with CSPR‐based perfusion rate strategy. From day 3

onwards, VCCs of R1 and CSPR‐cultures plateaued at values

around 40.0 × 106 cells mL−1 where low, medium, and high CSPR

targets achieved a maximum at 46.6 ± 4.4, 44.4 ± 1.2, and

44.7 ± 1.8 × 106 cells mL−1, respectively. R1 reached a maximum

value of 43.5 ± 7.0 × 106 cells mL−1. While CSPR‐cultures maintained

VCCs around 40.0 × 106 cells mL−1 until the end of cultivation, VCCs

F IGURE 1 Cell growth for CHO cells in 24‐well MWP cultivations in semi‐perfusion with different perfusion rate strategies. Cells were
cultivated in HIP medium supplemented with 30% Feed B (v/v). (a) Inoculation at 0.5–1 × 106 cells mL−1. (b) Inoculation at 10–
20 × 106 cells mL−1. Growth (filled) and viability (open). Semi‐perfusion was performed with a perfusion rate strategy based on CSPR targeting 10
( ), 15 ( ), and 20 pL cell−1 d−1 ( ) and with a perfusion rate equal to 1 RV d−1: R1 ( ), R2 ( ), where the R2 run was only performed at HCD
inoculation. Mean of N = 3 wells. Error bars indicate standard deviation. CHO, Chinese hamster ovary; CSPR, cell‐specific perfusion rate;
HCD, high cell density; HIP, high‐intensity perfusion medium; MWP, microwell plate.

4 | DORN ET AL.
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of R1 decreased from day 6 to below 30.0 × 106 cells mL−1 on day 8.

In contrast, R2 continued to grow to maximum values of around

70 × 106 cells mL−1 on days 3 and 4. Following this, the VCC rapidly

dropped to values around 50.0 × 106 cells mL−1 and continued to

decrease till the end. The viability remained above 95% for all

cultures till day 4, followed by a decline. Viabilities of R1 and medium

CSPR‐cultures decreased below 70%, and low CSPR‐cultures below

80% on day 8. R2 and high CSPR‐cultures maintained viabilities

above 90% until the end of the cultivation period. Overall, the

cultures inoculated at HCD reached higher maximumVCCs as well as

plateaued at higher VCC values, suggesting that the inoculation

concentration has an impact on the maximum value of VCCs

achievable in the culture.

The analysis of the external metabolites (glucose, lactate, and

ammonium) showed similar dynamics between cultures run using

different perfusion rate strategies (Figure 2). For simplicity, Figure 2

evaluates results of only one control culture for each inoculation

concentration, where for HCD inoculation culture R2 with the higher

maximum VCC was chosen. The result of similar dynamics was

unexpected because of the varied nutrient supplies between the

perfusion rate strategies. For glucose consumption, it was expected

to see a sharper decline for CSPR‐based cultures, as the medium

exchange was only partial compared to a daily total medium

exchange for the control culture. However, for CCD inoculation,

glucose concentrations decreased continuously till day 8 (Figure 2a),

where high CSPR‐cultures had initially lower glucose concentrations

than the rest of the cultures, but by day 5 concentrations were in a

similar range. Despite R1 having the highest concentration at the end

compared to medium and high CSPR‐cultures, the concentrations

were within the range of error. R1, medium and high CSPR‐cultures

maintained concentrations above 20mmol L−1, while low CSPR‐

cultures decreased to 12mmol L−1 (Figure 2a). For HCD inoculation

(Figure 2b), glucose concentrations achieved minimum values

between 3 and 5mmol L−1 on day 5 with no complete depletion

for all cultures independent of the perfusion rate strategies used. An

increase on day 8 was observed for all but the high CSPR‐cultures,

coinciding with the reduction in VCC (Figure 2b). The cell‐specific

glucose consumption rates (qGlc, average over days 2–8) remained

between 3.6 and 7.6 pmol cell−1 d−1 and 1.7–2.0 pmol cell−1 d−1 for

CSPR‐cultures at CCD and HCD concentration, respectively. Control

cultures obtained qGlc of 7.0 pmol cell−1 d−1 (R1 at CCD) and

1.3 pmol cell−1 d−1 for R2 at HCD.

Similarly, for lactate (Figure 2c,d) and ammonium concentrations

(Figure 2e,f), it was expected to obtain higher values for cultures using

the CSPR‐based perfusion rate strategy as well as for cultures with HCD

inoculation. As Figure 2c shows, lactate concentrations for cultures with

CCD inoculation were in a similar range throughout the cultivation

duration, with marginally higher concentrations for low and

medium CSPR‐cultures. Nonetheless, lactate concentrations remained

around or below 15mmol L−1. For HCD inoculation cultures, lactate

concentrations were, as expected, slightly higher than for CCD

inoculation cultures and remained largely below 20mmol L−1 for all

conditions. The culture targeting a CSPR of 20 pL cell−1 d−1 reached

higher concentrations than other CSPR‐cultures. An increase in lactate

concentrations for R2 and medium CSPR‐cultures was observed on day

8. For CSPR‐cultures, qLac remained between 1.3–2.3 pmol cell−1 d−1

and 0.4–0.6 pmol cell−1 d−1 for CCD and HCD inoculation concentra-

tion, respectively. Control cultures showed a qLac of 1.8 pmol cell−1 d−1

(R1 at CCD) and 0.3 pmol cell−1 d−1 for R2 at HCD.

While for the CCD inoculation, the ammonium concentration

gradually increased, this concentration was in the same range for all

conditions (Figure 2e). For the HCD inoculation, ammonium

concentrations of CSPR‐cultures were lower than for cultures using

a total medium exchange. This was surprising as it was expected to

see an accumulation of ammonium in CSPR‐cultures (Figure 2f).

However, for both CCD and HCD inoculations, ammonium concen-

trations remained well below 10mmol L−1 and for the HCD

inoculations all CSPR‐cultures remained below 8mmol L−1

(Figure 2e,f). For the CSPR‐cultures, cell‐specific ammonium produc-

tion rates (qAmm) remained between 0.6–1.0 pmol cell−1 d−1 and

0.2–0.3 pmol cell−1 d−1 for CCD and HCD inoculations, respectively.

Control cultures obtained qAmm of 1.0 (R1 at CCD) and 0.2 pmol

cell−1 d−1 for R2 at HCD.

A hypothesis can be postulated for the similar metabolic behavior

observed between cultures run using different perfusion rate strategies.

Cultures using a CSPR‐based perfusion rate are adapting to the partial

medium exchanges by altering and potentially slowing down their

metabolism, while cultures with RVd−1‐based perfusion rate experience

more drastic changes in nutrient supply and toxic by‐product removal

which potentially enhance cell metabolism.

To compare the productivity between cultures at different

conditions, normalized parameters such as the cell‐specific production

(qp) or the space–time‐yield (STY) are the most useful to evaluate the

impact of operating conditions. In this work the perfusion rate strategies

were varied, resulting in partial, instead of total, medium exchanges.

Hence, for cultures with partial medium exchanges, the product

concentration remaining in the culture must be considered.

Figure 3a,b shows the cell‐specific productivities for culture with CCD

and HCD inoculations. For conditions inoculated at CCD, the qp values

of R1 cultures were lower in comparison to CSPR‐cultures, and a

significant difference (at the 5% level) was observed between the

different perfusion rate strategies (Figure 3a). However, a slight

reduction of qp values was obtained with an increase in CSPR, and it

was hypothesized that at similar CSPRs similar qp values can be

obtained. This hypothesis is supported by the results for cultures with

HCD inoculation, where similar qp values were obtained and no

significant difference was observed (Figure 3b). The STY, shown in

Figure 3c,d for the CCD and HCD inoculations, respectively, takes the

different medium exchange volumes of the different perfusion rate

strategies into account. It can be noted that for cultures with inoculation

at CCD (Figure 3c), those with a CSPR‐based perfusion rate strategy

achieve higher STY on day 8, ranging between 0.1 and 0.15 g L−1 d−1,

whilst the STY for R1 remains below 0.05 g L−1 d−1. For the experiments

with inoculation at HCD, the STY obtained for R1 and R2 are higher

compared to CSPR‐cultures, achieving up to 0.7 g L−1 d−1 for R2 on day

8. However, the STY for R1 and high CSPR‐cultures obtained were
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0.6 ± 0.1 and 0.5 ± 0.03 g L−1 d−1, respectively, thus within the error

range (Table 1). A comparison of the conditions targeting a CSPR of

20 pL cell−1 d−1 with the control cultures R1 and R2 shows that similar

maximumVCC, as well as similar productivities, could be obtained while

the overall medium consumption was reduced by 65% for inoculation at

CCD and by 23% for inoculation at HCD.

3.2 | Evaluation of process flow rates

In addition to the quantitative evaluation of the cell performance

based on growth, metabolism, and mAb production data, it is crucial

to analyze the perfusion rate and actual CSPR, as presented in

Figure 4. While for the cultures R1 and R2 the perfusion rate was

F IGURE 2 Metabolite concentrations for CHO cells in 24‐well MWP cultivations in semi‐perfusion with different perfusion rate strategies.
Cells were inoculated at 0.5–1 × 106 cells mL−1 (a), (c), and (e) and at 10–20 × 106 cells mL−1 (b), (d), and (f) and cultivated in HIP medium
supplemented with 30% Feed B (v/v). (a) and (b) Glucose concentration; (c) and (d) lactate concentration; (e) and (f) ammonium concentration.
Semi‐perfusion was performed with a perfusion rate strategy based on CSPR targeting 10 ( ), 15 ( ), and 20 pL cell−1 d−1 ( ) and with a
perfusion rate equal to 1 RV d−1: R1 ( ), R2 ( ), where the R2 run was only performed at HCD inoculation. Mean of N = 3 wells. Error bars
indicate standard deviation. CHO, Chinese hamster ovary; CSPR, cell‐specific perfusion rate; HCD, high cell density; HIP, high‐intensity
perfusion medium; MWP, microwell plate.
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F IGURE 3 Cell‐specific productivity for CHO cells in 24‐well MWP cultivations in semi‐perfusion with different perfusion rate strategies.
Cells were inoculated at 0.5–1 × 106 cells mL−1 (a) and (c) and at 10–20 × 106 cells mL−1 (b) and (d) and cultivated in HIP medium supplemented
with 30% Feed B (v/v). (a) and (b) Cell‐specific production rate; (c) and (d) STY. Semi‐perfusion was performed with a perfusion rate strategy
based on CSPR targeting 10 ( ), 15 ( ), and 20 pL cell−1 d−1 ( ) and with a perfusion rate equal to 1 RV d−1: R1 ( ), R2 ( ), where the R2 run was
only performed at HCD inoculation. Mean of N = 3 wells. Error bars indicate standard deviation. A t test analysis was used to evaluate significant
difference for cell‐specific mAb production rate between cultivation systems and VCC targets (*p < 0.05). CHO, Chinese hamster ovary; HCD,
high cell density; HIP, high‐intensity perfusion medium; mAb, monoclonal antibody; MWP, microwell plate; STY, space‐time‐yield; VCC, viable
cell concentration.

TABLE 1 Process and cellular performance values for CHO cells in 24‐well MWP culture comparing RV d−1 and CSPR‐based perfusion
rate strategies.

Inoculation CCD HCD
Perfusion rate strategy RV d−1 CSPR RV d−1 CSPR
CSPR target (pL cell−1 d−1) R1 10 15 20 R1 R2 10 15 20

Average CSPR (pL cell−1 d−1) 39.6 ± 1.6a 10.4 ± 0.6 15.9 ± 1.4 21.1 ± 1.3 23.4 ± 3.5a 13.8 ± 1.2a 11.3 ± 0.8 16.8 ± 1.5 21.1 ± 1.5

Max. VCC (× 106 cells mL−1) 32.4 ± 1.5 23.7 ± 1.9 23.9 ± 3.0 31.1 ± 0.9 43.5 ± 6.9 72.9 ± 6.4 46.6 ± 4.4 44.4 ± 1.2 44.8 ± 1.8

STY (g L−1 d−1)b 0.03 ± 0.01 0.09 ± 0.00 0.09 ± 0.00 0.13 ± 0.00 0.61 ± 0.11 0.73 ± 0.02 0.28 ± 0.07 0.34 ± 0.04 0.51 ± 0.03

qp (pg cell−1 d−1) 20.8 ± 5.9 42.1 ± 5.3 47.3 ± 3.0 43.4 ± 2.5 16.5 ± 4.2 27.9 ± 1.6 22.5 ± 7.1 22.8 ± 5.1 31.0 ± 4.1

VM (mL) 129.6 39.8 42.9 44.7 129.6 129 66.2 82.4 99.8

Note: Cells were cultivated in high‐intensity perfusion medium supplemented with 30% Feed B (v/v).

Yield and productivity values are given as average and standard deviation of N = 3 wells over the entire culture duration of 8 days.

Abbreviations: CCD, conventional cell density; CPO, Chinese hamster ovary; CSPR, cell‐specific perfusion rate; HCD, high cell density; qp, cell‐specific
productivity; RV, reactor volume; STY, space‐time‐yield; VCC, viable cell concentration; VM, volume of consumed medium.
aMinimum value.
bEndpoint value on day 8.
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constant (1 RV d−1), for the CSPR‐cultures, the perfusion rate is

dependent on the cell growth. As expected, an increase in the

perfusion rate was observed while the VCC increased for both CCD

and HCD inoculation cultures (Figures 1 and 4a,b). Furthermore,

higher perfusion rates were obtained at higher CSPR target values.

For HCD inoculation cultures, it can be observed that the perfusion

rate stabilized at different levels as soon as the VCCs plateaued

(Figures 1 and 4b). The levels of stabilization depend on the target

CSPR, and perfusion rates of around 0.5, 0.7, and 0.8 RV d−1 were

obtained for cultures targeting a stable CSPR of 10, 15, and

20 pL cell−1 d−1, respectively.

The aim of this work was to keep the CSPRs stable for the

duration of the culture, hence the actual CSPRs were analyzed for all

CSPR cultures and compared to cultures using the RV d−1‐based

perfusion rate strategy (Figure 4c–e). For CCD inoculation cultures, a

significant difference in CSPRs was observed between the two

F IGURE 4 Process rates for CHO cells in 24‐well MWP cultivations in semi‐perfusion with different perfusion rate strategies. Cells were
inoculated at 0.5–1 × 106 cells mL−1 (a), (c), and (e) and at 10–20 × 106 cells mL−1 (b) and (d) and cultivated in HIP medium supplemented with
30% Feed B (v/v). (a) and (b) Perfusion rate; (c) and (d) CSPR; (e) zoom of (c). Semi‐perfusion was performed with a perfusion rate strategy based
on CSPR targeting 10 ( ), 15 ( ), and 20 pL cell−1 d−1 ( ) and with a perfusion rate equal to 1 RV d−1: R1 ( ), R2 ( ), where the R2 run was only
performed at HCD inoculation. Mean of N = 3 wells. Error bars indicate standard deviation. CHO, Chinese hamster ovary; CSPR, cell‐specific
perfusion rate; HCD, high cell density; HIP, high‐intensity perfusion medium; MWP, microwell plate.

8 | DORN ET AL.

 10970290, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/bit.28685 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [06/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



perfusion rate strategies. The total medium exchange of R1 cultures,

with a perfusion rate equal to 1 RV d−1, resulted in a decrease of

CSPR from above 500 pL cell−1 d−1 to minimum values of 40 pL cell−1

d−1 on day 7 (Figure 4c), which is well above the target CSPRs for

CSPR‐cultures (Figure 4c,e). Using the CSPR‐based perfusion rate

strategy it was possible to keep CSPRs low and around the target. In

the first days of cultivation using the CSPR‐based perfusion rate

strategy, the actual CSPRs were initially lower and fluctuated around

the target. However, from day 4 the target CSPR could be

maintained, resulting in average CSPRs of 10.3 ± 0.6, 15.9 ± 1.4, and

21.1 ± 1.3 pL cell−1 d−1 over the last 4 days of culture for the target of

10, 15, and 20 pL cell−1 d−1, respectively (Figure 4e and Table 1).

Smaller differences in CSPRs were found for cultures inoculated at

HCD (Figure 4d). Similarly, to what was previously observed, the

CSPRs of R1 and R2 initially declined and then stabilized from day 3

at values around 25 and 20 pL cell−1 d−1 for R1 and R2, respectively.

A slight increase of CSPRs was observed for R1 and R2 on day 8.

Both the stabilization of CSPRs and the slight increase observed at

the end of the culture align with the VCC dynamic trend observed in

Figure 4d. In contrast to this, the actual CSPRs of cultures using the

CSPR‐based perfusion rate strategy were maintained throughout the

cultivation duration with average values of 11.3 ± 0.8, 16.8 ± 1.5, and

21.1 ± 1.5 pL cell−1 d−1 for the targets of 10, 15, and 20 pL cell−1 d−1,

respectively (Figure 4d and Table 1).

Overall, a total medium volume of 129mL per plate was utilized

by cultures at a perfusion rate equal to 1 RV d−1. Cultures run using

the CSPR‐based perfusion rate strategy utilized 40, 43, and 45mL,

for inoculation at CCD, and 67, 83, and 100mL, for inoculation at

HCD, for the targets of 10, 15, and 20 pL cell−1 d−1, respectively. This

accounts for a reduction of medium consumption by up to 70% for

low and up to 50% for high seeding densities experiments.

3.3 | Integration of CSPR‐based perfusion rate and
cell bleed strategy

Following the successful application of the CSPR‐based perfusion

rate strategy to conditions targeting maximum growth and the

stabilization of VCCs for cultures inoculated at HCD, this perfusion

rate strategy was combined with the cell bleed strategy implemented

and discussed in Part I. The aim of the experiment was to maintain a

stable average VCC of 20 × 106 cells mL−1 while maintaining three

different CSPR targets. As observed in the previous investigation

(Section 3.1), cultures targeting a CSPR of 15 and 20 pL cell−1 d−1

showed very good performance in terms of growth and productivity,

therefore these two CSPR conditions were selected for in‐depth

investigations. A third target CSPR of 30 pL cell−1 d−1 was also

included, hereafter referred to as “very high CSPR.” This value was

selected as it was the average CSPR obtained for cultures targeting a

stable VCC of 20 × 106 cells mL−1 using a perfusion rate equal to

1 RV d−1, as previously shown in Part I. For comparison, a cultivation

with a perfusion rate equal to 1 RV d−1 was performed in parallel.

Figure 5 shows the cell growth and the CSPR variation with

culture time. For all conditions, the typical “saw‐wave”‐like oscillation

around the target average VCC was obtained (Figure 5a). This profile

was maintained for the control culture throughout the cultivation,

obtaining an average VCC of 23.8 ± 1.5 × 106 cells mL−1, while

cultures with a CSPR‐based medium exchange showed larger

fluctuations above and below the mean value commencing on day

3 (Figure 5a). Nevertheless, average VCC values of 20.7 ± 1.7,

21.4 ± 1.9, and 21.6 ± 2.4 × 106 cells mL−1 were obtained with perfu-

sion rates aimed at constant CSPRs of 15, 20, and 30 pL cell−1 d−1,

respectively (Table 2). Overall, the viabilities remained above 90%

with a minor decline towards the end of the cultivation (Figure 5a).

Analyzing the actual CSPR values showed, however, that these

were initially below the target and could only be maintained constant

over time for the medium and high CSPR targets of 15 and

20 pL cell−1 d−1 (Figure 5b). The actual CSPRs of cultures targeting a

constant value of 30 pL cell−1 d−1 remained below the target but

increased over the cultivation duration. Overall average CSPRs of

14.5 ± 0.9, 17.6 ± 1.4, and 24.3 ± 2.1 pL cell−1 d−1 were obtained for

medium, high, and very high CSPR targets (Table 2). The control

culture showed an initial decrease of the CSPR value before

stabilizing around 23 pL cell−1 d−1 between days 2 and 6, to then

increase towards the end of culture (Figure 5b and Table 2).

Process flow rates remained largely stable over the process

duration (cf. Figure 5c,d). The perfusion rates showed minor

fluctuations over time and were stable throughout at different levels,

with average values of 0.6, 0.7, and 0.9 RV d−1 for CSPR targets of 15,

20, and 30 pL cell−1 d−1. Hence, for all CSPR‐based cultures, the

perfusion rate was on average below that of the control cultures

(Figure 5c, Table 2). The bleed rates, shown in Figure 5d, showed

large fluctuations for all conditions when a CSPR‐based medium

exchange was used; however, it remained between 0.2 and 0.3 RV

d−1 and slightly below the bleed rates of the control culture at around

0.4 RV d−1. The larger fluctuations of bleed rates correspond to the

differences observed between the different perfusion rate strategies,

in particular lower growth in CSPR than control cultures.

The analysis of the external metabolites, glucose and lactate, is

shown in Figure 6a,b. For all conditions similar metabolic dynamics

were obtained, in particular stable glucose and lactate concentrations

were observed after day 1 (Figure 6). As expected, the glucose

concentrations for cultures targeting lower CSPRs were the lowest

values, where cultures aiming at a CSPR of 15 and 20 pL cell−1 d−1

obtained average values of 23.1 ± 1.5 and 25.2 ± 0.9 mmol L−1 (qGlc:

1.16 and 1.35 pmol cell−1 d−1), respectively (Figure 6a and Table 2).

Cultures with a perfusion rate strategy aiming at a stable CSPR of

30 pL cell−1 d−1 and cultures with a perfusion rate equal to 1 RV d−1

showed similar glucose concentration levels at 32.6 ± 2.0 and

28.7 ± 1.5 mmol L−1 (qGlc: 1.70 and 2.20 pmol cell−1 d−1), respectively

(Table 2). Furthermore, an increase in glucose concentration from day

6 was observed for both conditions. These similarities are in

agreement with the results observed from monitoring the actual

CSPR obtained from both cultures showing very similar dynamics.

DORN ET AL. | 9
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The comparable CSPR dynamic and glucose consumptions are an

indicator of an overall similar metabolic behavior between the two

conditions at different medium exchange regimes. For lactate

concentration, it was expected to see larger values for cultures

targeting a lower CSPR, where the smaller exchange volume leads to

an accumulation of lactate. However, the lowest lactate concentra-

tions were observed for the cultures with a perfusion rate strategy

targeting 15 and 20 pL cell−1 d−1, with average values of 9.0 ± 0.5,

10.6 ± 0.4, and 12.2 ± 0.6 mmol L−1 (qLac: 0.23, 0.34, 0.53 pmol cell−1

d−1) for the cultures targeting a stable CSPR of 15, 20, and

30 pL cell−1 d−1, respectively (Figure 6b and Table 2). The control

culture with a total medium exchange showed stable lactate

concentrations of 11.6 ± 1.0 mmol L−1 (qLac: 0.46 pmol cell−1 d−1).

Ammonium concentrations stabilized after day 1 with values below

10mmol L−1 for all conditions (qAmm < 0.29 pmol cell−1 d−1) (Table 2).

The STY and cell‐specific productivity were calculated and are

presented in Figure 7. For all conditions, and independent of the

perfusion rate strategy, similar dynamics for STY (Figure 7a) and qp

(Figure 7b) were obtained. For all conditions, the STY initially

increased before stabilizing at around 0.2 g L−1 d−1. The CSPR‐

cultures targeting a CSPR of 30 pL cell−1 d−1 achieved 0.18 g L−1 d−1

on day 8, which is equivalent to the value obtained for cultures using

a total medium exchange (Figure 7a and Table 2). Although the cell‐

specific productivities of CSPR‐cultures are slightly higher than

control cultures, no significant difference was observed. For CSPR‐

cultures, a value of qp around 36.0 pg cell−1 d−1 was achieved,

whereas for the control culture, the qp values was equal to

24.5 ± 1.4 pg cell−1 d−1 (Figure 7b and Table 2).

Overall, the total medium volume of 129 mL per plate,

utilized for a culture using a perfusion rate of 1 RV d−1, was

reduced to 61, 72, and 92 mL for cultures with a CSPR‐based

perfusion rate strategy with CSPR targets of 15, 20, and

30 pL cell−1 d−1, respectively. This accounts for a reduction of

medium consumption of up to 53%.

F IGURE 5 Viable cell concentrations, cell‐specific perfusion rates, and bleed rates for CHO cells in 24‐well MWP cultivations in semi‐
perfusion with implemented cell bleeds. Cells were inoculated at 10, 20, 30, and 40 × 106 cells mL−1 and cultivated in HIP medium supplemented
with 30% Feed B (v/v). (a) Growth (filled) and viability (open); (b) cell‐specific perfusion rate (CSPR); (c) perfusion rate; (d) bleed rate. Targeted
CSPRs (× 106 cells mL−1): 15 ( ), 20 ( ), 30 ( ). Perfusion rate equal to 1 RV d−1 ( ). Mean of N = 3 wells. Error bars indicate standard deviation.
CHO, Chinese hamster ovary; MWP, microwell plate.
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TABLE 2 Steady‐state values for CHO cells in 24‐well MWP culture with implemented cell bleed and with different perfusion rate
strategies targeting an average value of 20 × 106 cells mL−1.

Perfusion rate strategy RV d−1 CSPR
CSPR target (pL cell−1 d−1) R1 15 20 30

Average VCC (× 106 cells mL−1) 23.8 ± 1.5 20.7 ± 1.7 21.4 ± 1.9 21.6 ± 2.4

Metabolites

Glc (mmol L−1) 28.7 ± 1.5 23.1 ± 1.5 25.2 ± 0.2 32.6 ± 1.9

Lac (mmol L−1) 11.6 ± 1.0 9.0 ± 0.5 10.6 ± 0.4 12.2 ± 0.6

Amm (mmol L−1) 6.2 ± 0.2 6.0 ± 0.2 6.6 ± 0.1 6.6 ± 0.2

Productivity

STY [g L−1 d−1)a 0.18 ± 0.00 0.12 ± 0.00 0.15 ± 0.00 0.18 ± 0.01

qp (pg cell−1 d−1) 24.6 ± 1.4 38.4 ± 2.6 37.9 ± 1.8 31.0 ± 4.2

Flow rates

Perfusion (RV d−1) 1.00 0.56 0.71 0.97

Harvest (RV d−1) 0.75 0.32 0.43 0.64

Bleed (RV d−1) 0.35 0.24 0.28 0.33

Average CSPR (pL cell−1 d−1) 24.7 ± 1.7 14.5 ± 1.0 17.6 ± 1.4 24.3 ± 2.1

VM (mL) 129.6 60.5 71.1 92.2

Note: Cells were cultivated in HIP medium supplemented with 30% Feed B (v/v).

Yield and productivity values are given as average and standard deviation of N = 3 wells over the entire culture duration of 8 days.

Abbreviations: Amm, Ammonium; CSPR, cell‐specific perfusion rate; Glc, glucose; Lac, lactate; RV, reactor volume; STY, space–time–yield; qp, cell‐specific
productivity; VCC, viable cell concentration; VM, volume of consumed medium.
aEndpoint value on day 8.

F IGURE 6 Metabolite concentrations for CHO cells in 24‐well microwell plate cultivations in semi‐perfusion with implemented cell bleeds.
Cells were inoculated at 20 × 106 cells mL−1 and cultivated in HIP medium supplemented with 30% Feed B (v/v). (a) Glucose concentration;
(b) lactate concentration. Targeted CSPRs (× 106 cells mL−1): 15 ( ), 20 ( ), 30 ( ). Perfusion rate equal to 1 RV d−1 ( ). Mean of N = 3 wells. Error
bars indicate standard deviation. CHO, Chinese hamster ovary; CSPR, cell‐specific perfusion rate; HIP, high‐intensity perfusion medium.

4 | DISCUSSION

In this work, two perfusion rate strategies, RV d−1‐based or CSPR‐

based, were implemented in a small volume platform for the first time

and their impact on cell growth, productivity, and metabolic

performance were investigated to evaluate their applicability and

feasibility for robust cell clone screening operations. To the best of

our knowledge, non‐instrumented small‐scale models in semi‐

perfusion have only been operated with a fixed RV d−1‐based

perfusion rate strategy in the published literature, resulting in a
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manual medium exchange once or twice per day (Mayrhofer

et al., 2021; Tregidgo et al., 2023; Villiger‐Oberbek et al., 2015;

Wolf et al., 2018). However, the RV d−1‐based strategy does not

consider the actual state of the cell culture. This might result in

under‐ or oversupply of metabolites and accumulation of inhibitory

by‐products, thus significantly impacting cell growth and productivit-

ies (Karst et al., 2017; Nikolay et al., 2020). In contrast, the CSPR‐

based perfusion rate strategy takes the current state of the cell

culture into account by considering the VCC at the time of sampling

and resulting in a partial medium exchange. Providing that cellular

activity does not change, the CSPR and the medium composition can

be kept constant allowing for consistent production (Chotteau, 2015;

Ozturk, 1996).

4.1 | Application of two different perfusion rate
strategies during maximum growth conditions

Firstly, the two perfusion rate strategies (RV d−1‐based or CSPR‐

based) were applied with the aim to achieve maximum viable cell

concentrations and experiments were performed for two different

inoculation concentrations, at CCD and HCD. For both cases, the

results obtained for growth and metabolism were comparable

between all CSPR targets, for the CSPR‐based strategy and

the RV d−1‐based strategy. An exception was the R2 culture using

the RV d−1‐based strategy at HCD inoculation, which obtained

maximum VCCs 1.6‐fold higher than R1, as well as all cultivations

using a perfusion rate strategy based on CSPR. Opposite to the

CSPR‐cultures, the R1 and R2 cultures showed a rapid decrease of

VCCs after reaching the maximum VCC, while all CSPR‐cultures

maintained stable VCCs throughout the cultivation. In particular, the

culture targeting a stable CSPR of 20 pL cell−1 d−1 maintained stable

VCCs around 40 × 106 cells mL−1 with less than 10% variation and

high viabilities (>90%) after day 2 and throughout the rest of

cultivation. This observation could be an indicator for reaching a

“steady‐state” without intentional cell bleed, where the medium

provided with a perfusion rate strategy targeting a CSPR of

20 pL cell−1 d−1 supported the growth to cell densities around

40 × 106 cells mL−1. This claim is supported by the stabilization of

the metabolite profiles, where glucose and ammonium concentra-

tions were maintained at constant levels with minimum fluctuations

on day 5 and day 6. In contrast, lactate concentrations continued to

decrease till day 8, which could indicate a shift of metabolism to

lactate consumption, even though glucose was not depleted as

reported in the literature by other studies (Altamirano

et al., 2000, 2001, 2004; Dorai et al., 2009). However, more

experiments with extended cultivation times are required to confirm

the “steady‐state” achieved without cell bleed. A concern was the

accumulation of toxic by‐products such as lactate and ammonium in

the cell culture, with potentially detrimental effects due to decrease

of pH by increasing lactate and impaired membrane transport by

increased ammonium concentration (Hassell et al., 1991; Martinelle &

Häggström, 1993). Overall, the results were comparable between

partial and total medium exchanges for all CSPR‐cultures investigated.

Although lactate concentrations were initially lower for cultures with

total medium exchanges, lactate concentrations of CSPR‐cultures did

not exceed values of 20mmol L−1 above which toxic effects have been

reported (Fu et al., 2016). Interestingly, the opposite was obtained for

ammonium concentrations, which were lower throughout for all CSPR‐

cultures (<8mmol L−1) but remained below 10mmol L−1 for both

perfusion rate strategies and thus below values considered toxic for

CHO cell culture (Hansen & Emborg, 1994; Lao & Toth, 1997). Thus,

the decrease of VCC and viabilities for R1, low and medium CSPR‐

cultures cannot be explained by results obtained from metabolite

measurements and might have been caused by the depletion or

accumulation of unmeasured factors.

Although growth and metabolism were similar between perfu-

sion rate strategies and with similar dynamics between inoculation

F IGURE 7 Productivities for CHO cells in 24‐well microwell plate cultivations in semi‐perfusion with implemented cell bleeds. Cells were
inoculated at 20 × 106 cells mL−1 and cultivated in HIP medium supplemented with 30% Feed B (v/v). (a) STY; (b) qp. Targeted CSPRs
(× 106 cells mL−1): 15 ( ), 20 ( ), 30 ( ). Perfusion rate equal to 1 RV d−1 ( ). Mean of N = 3 wells. Error bars indicate standard deviation. CHO,
Chinese hamster ovary; CSPR, cell‐specific perfusion rate; HIP, high‐intensity perfusion medium; STY, space‐time‐yield.

12 | DORN ET AL.

 10970290, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/bit.28685 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [06/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



concentrations, slight differences were observed in the productivity

results. The evaluation of the productivity focused on normalized

values such as the cell‐specific productivity and STY to allow

comparison between different perfusion rate regimes (Bausch

et al., 2019). For inoculation at CCD, the STY of R1 was threefold

lower than STYs obtained for the culture targeting a stable CSPR of

20 pL cell−1 d−1, whereas the opposite was found for inoculation at

HCD, where the higher STYs were obtained for R1 and R2.

Nonetheless, the endpoint STYs for R1 and high CSPR‐cultures were

very similar (within 5%). Furthermore, as a decrease of VCC was

reported for R1 and R2 while the CSPR‐culture targeting 20 pL cell−1

d−1 indicated stable growth, a beneficial effect of partial medium

exchanges on productivity could potentially be present for extended

cultivation times. For qp values no significant difference at the 5%

level could be seen at CCD inoculation, however between the low

CSPR‐cultures and R1 a p value of 0.052 was obtained, indicating

that a significant difference might occur for higher inoculation or

prolonged cultivation times. This was confirmed by the results from

HCD inoculation culture, where a significant difference between

perfusion rate strategies was obtained for low and medium, but not

for high, CSPR‐cultures targeting 20 pL cell−1 d−1. The results of qp

and STY obtained for cultures targeting a CSPR of 20 pL cell−1 d−1

were comparable and in close agreement with the results of R1 and

R2. This suggested that, although growth was supported at all CSPR

targets, productivities were impacted by lower CSPRs. This shows

that low CSPRs do not necessarily result in improved productivities

and this finding is in agreement with observations previously

reported in the literature (Lin et al., 2017).

As the aim was to maintain stable CSPRs during the growth phase

through applying a different perfusion rate, the analysis of the perfusion

rate dynamic and actual CSPR gave further insights into the develop-

ment of these methods. The perfusion rate variation was found to be as

expected, where the increase and stabilization correspond to the

dynamic of the VCC for inoculation at both CCD and HCD. The lower

perfusion rate of CSPR‐cultures also indicates the lower medium

consumption for CSPR‐cultures. The >50‐fold increased CSPRs

obtained for R1 cultures, compared to CSPR‐cultures at CCD

inoculation, are a clear indication of the overfeeding of the culture

when using the perfusion rate strategy based on a fixed RV d−1. While

for inoculation at CCD the actual CSPR of CSPR‐cultures showed

fluctuation at the beginning of the culture, for HCD inoculation cultures

the CSPR was stable throughout the cultivations. The fluctuations

observed were most likely due to the small medium exchange volumes,

which were manually handled. Such variations are expected to be lower

when the strategy is implemented in an automated system like a robotic

platform, where a liquid handling arm is less prone to day‐to‐day error.

4.2 | CSPR‐based perfusion rate strategy
integrated with cell bleed

Secondly, the CSPR‐based perfusion rate strategy was combined

with a cell bleed strategy, which was presented and evaluated in Part

I. During this experimentation three different CSPR setpoints were

targeted, where two CSPRs were already investigated in the

cultivations targeting maximum growth and a third higher CSPR

was included. As observed before, all cultures showed very similar

dynamics regarding growth and metabolism regardless of the

perfusion rate strategy applied. The concentrations of key metabo-

lites (glucose, lactate, and ammonium) were very stable throughout

the cultivation, with minimal variations of 5% from the mean, where

both lactate and ammonium remained well below concentrations

considered toxic to the cells.

Although the dynamic profile of metabolites was comparable, cell

growth seemed to have slowed down for CSPR‐based cultures,

showing an increased variability from day to day. This had an impact

on the bleed rate which showed higher fluctuations when compared

to the culture using the RV d−1‐based perfusion rate strategy. The

slower growth could have been caused by the accumulation or near

depletion of other metabolites which were not measured due to the

limited working and sampling volumes. Furthermore, the analysis of

the actual CSPR showed that the targets were not stable for all

CSPR‐cultures and in some cases remained lower than intended,

which could also have influenced the growth dynamics. It is

postulated that the manual handling of both the cell bleed (removal

of cell suspension) and the partial medium exchange (removal of

supernatant and addition of fresh medium) carried out post

centrifugation were the likely sources of error and disturbed the cell

culture. Care must be taken when the method is transferred to an

automated platform to avoid such disturbances and ensure minimal

impact of additions/removals from the bulk volume.

Nonetheless, the analysis of productivity results showed good

agreement for both cell‐specific productivity and STYs. This could be

an indicator that even though cell growth was slowed down, the

productivity was not negatively impacted. As the viabilities remain

above 90% throughout the cultivation period, it could be interesting

to investigate these conditions with a prolonged cultivation time to

obtain more information about the impact of slower growth on the

productivity, as slow cell growth and induced cell arrest were

previously shown to result in high productivities (Ducommun

et al., 2002; Gagnon et al., 2018; Wang et al., 2018).

5 | CONCLUSION

In this study, the successful application of two different perfusion

rate strategies in an MWP at ultra‐low working volumes of 1.2mL

was presented. HCD was achieved and maintained using both

perfusion rate strategies. The comparison showed similar results

regarding growth and productivities while the medium consumption

was reduced by up to 50% for HCD cultures, when using the CSPR‐

based strategy. Having established the feasibility of evaluating

different perfusion rate strategies in MWPs, such a system could

be envisaged as a tool for cell clone screening and process

development (e.g., CSPR screenings). A possible scenario would be

to test leading clone candidates with perfusion rates targeting
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multiple fixed CSPRs and evaluating cell growth and productivity for

each case. Another scenario could use the method for a combination

of media and process development studies, where different media

compositions are tested at different CSPRs to obtain the best

composition that supports the cell culture at minimal media usage to

ensure cost efficiency. Subsequently, the most promising candidates

could be transferred to small‐scale models such as DWPs, ambr15®

or larger small‐scale perfusion bioreactors, such as the ambr250®, for

in‐depth analysis and fine‐tuning. Further bioreactor operations are

subject of future work which will also focus on the feasibility of this

approach, for example with parallel investigations of multiple cell

clones at several CSPR targets in a small‐scale model, followed by

transfer of the most promising candidates and CSPRs to mL‐scale

bioreactor for further analysis.
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